ATP-powered unfoldases containing D1 and D2 AAA+ rings play important roles in protein homeostasis, but uncertainty about the function of each ring remains. Here we use singlemolecule optical-tweezers to assay mechanical unfolding and translocation by a variant of the ClpAP protease containing an ATPase-inactive D1 ring. This variant displays substantial mechanical defects both in unfolding and translocation of protein substrates. Notably, when D1 is hydrolytically inactive, ClpAP often stalls for times as long as minutes, and the substrate can "back-slip" through the enzyme when ATP concentrations are low. The inactive D1 variant also has substantially more difficulty traveling in the N-to-C direction on a polypeptide track than moving C-to-N. These results indicate that D1 normally functions as an auxiliary/regulatory motor to promote uninterrupted enzyme advancement that is fueled largely by the D2 ring.
Introduction
AAA+ enzymes (ATPases associated with various cellular activities) perform mechanical processes in cells by operating as tiny motors that convert the chemical energy of ATP hydrolysis into work that typically involves macromolecular remodeling 1, 2 . In all domains of life, a subfamily of AAA+ enzymes promotes protein homeostasis by degrading damaged or misfolded proteins 3, 4 . AAA+ proteases contain a barrel-shaped peptidase and a hexameric AAA+ unfoldase with an axial pore that can bind specific peptide tags (degrons) in target proteins.
Following binding, cycles of ATP hydrolysis in the AAA+ hexamer power substrate unfolding and subsequent translocation into the peptidase chamber for degradation 3 . For example, the Escherichia coli ClpAP protease, which degrades ssrA-tagged proteins and other substrates, consists of the AAA+ ClpA hexamer and the ClpP peptidase [5] [6] [7] .
ClpA hexamers contain 12 active sites for ATP hydrolysis, six in each of two distinct AAA+ rings; a similar double-ring architecture is present in the hexamers of related enzymes (ClpB, Hsp104, Cdc48/p97, and NSF) that function without proteolytic partners in protein remodeling.
ClpA in the absence of ClpP also has remodeling activity 8 . Why ClpA and other double-ring enzymes need two rings is unclear. Some mutagenesis experiments suggest that one ring performs most of the ATP hydrolysis and functions as the dominant enzyme motor. It has been proposed that the second ring assists in the nucleotide-stabilized assembly of the hexamer [9] [10] [11] , but single-ring AAA+ enzymes also assemble into stable hexamers, and there would appear to be many simpler ways to stabilize the double-ring enzymes.
The top ClpA AAA+ ring, where substrates first enter the axial pore, is called D1, whereas the bottom ring, which is proximal to ClpP, is called D2 (Fig. 1a ) 12, 13 . ATP hydrolysis in one ring or the other can be eliminated by mutating a either of the conserved glutamate in the D1 Walker-B motif (E286) or in the D2 Walker-B motif (E565). Studies of these enzyme variants show: (i) D2
appears to catalyze most ATP hydrolysis, although elimination of hydrolysis in D1 can reduce
ATPase activity by as much as 2-fold in the presence of some protein substrates; (ii) inactivating D1 generally has modest effects on substrate degradation, whereas inactivating D2 impairs degradation severely; and (iii) ATP hydrolysis in both rings is important for degradation of substrates with very stable local structures 14 . Because the D2 ring appears to be most important for ATP-fueled degradation, we focused on determining how ATP hydrolysis in the lessunderstood D1 ring contributes to mechanical substrate unfolding and polypeptide translocation, critical steps in the overall degradation reaction.
Here, we use single-molecule optical-tweezer assays to investigate how ClpAP unfolding and translocation are affected when the D1 ring cannot hydrolyze ATP as a consequence of an E286Q mutation. We find that this D1-defective ClpAP (ClpA D1 P) displays a marked increase in the frequency of pausing/stalling during translocation as well as substantial defects in unfolding activity. Hence, ATP hydrolysis in the D1 ring increases enzyme productivity by stimulating both of these key components of mechanical degradation. Surprisingly, the ClpA D1 P defects were magnified when degradation proceeded in a N-to-C direction compared to C-to-N direction.
Our results also support a role for D1 in maintaining substrate grip and preventing slipping.
Results

Single-molecule degradation by ClpA D1 P
Here we used two multidomain substrates previously employed to analyze single-molecule degradation by wild-type ClpAP 15, 16 . Degradation was initiated either from the N-terminus or the C-terminus of these substrates by changing the position of the ssrA tag 15, 16 , which targets the protein to ClpA. For N-to-C degradation, the substrate contained an N-terminal ssrA tag, four human titin I27 domains with the mildly destabilizing V15P mutation, and a Halo domain (Fig.   1b, top) . For C-to-N degradation, we initially tested a substrate with four V15P domains, Halo, and a C-terminal ssrA tag, but ClpA D1 P degraded this substrate poorly. As a consequence, we used a substrate with four titin domains containing the more destabilizing V13P mutation, Halo, and an ssrA tag (Fig. 1b, bottom) .
When protein substrate was absent, ClpA D1 hydrolyzed ATP at essentially the same rate as ClpA, and ClpP stimulated hydrolysis to similar extents for both enzymes (Fig. 1c) . In the presence of either protein substrate, however, ClpA D1 P had only 50-60% of the wild-type hydrolysis activity (Fig. 1c) . Hence, when engaged with these substrates, the D1 ring of ClpA appears to contribute substantially, either directly or indirectly, to overall ATP-hydrolysis activity. Similar results were reported previously, although only certain substrates reduced ATPase activity for ClpA D1 P in comparison with ClpAP 14 .
To probe the contribution of the D1 ring to unfolding and translocation by ClpA, we performed single-molecule optical-tweezer assays (Fig. 2a ) 17, 18 . Biotinylated ClpA
D1
P was immobilized on a 1.25 µm streptavidin-coated polystyrene bead and the substrate Halo domain was attached, via a biotinylated DNA linker, to a 1.09 µm bead (Fig. 2a ) 17, 19 . The beads were trapped by two laser beams and experiments were performed in a passive force-clamp mode at forces ranging from 8 to18 pN. After the two beads were tethered together via ClpA D1 P on one bead binding to the substrate on the other, we monitored inter-bead distance as a function of time. Each sharp increase in distance reflects unfolding of a single domain, the following gradual decreases in distance are caused by translocation of the now unfolded polypeptide, and periods of no movement just prior to unfolding are the pre-unfolding dwell times. We also collected a handful of new traces of single-molecule degradation by ClpAP, but largely relied on our previously published analyses for comparisons 15, 16 .
Representative single-molecule traces revealed that ClpA D1 P takes longer than ClpAP to process one substrate domain in either the N-to-C or the C-to-N direction (Fig. 2b) . Processing time is defined as the interval between completion of one translocation event and completion of the next translocation event and thus includes the pre-unfolding dwell, the unfolding event, and the subsequent translocation event. The average processing time for a V15P domain during degradation initiated from the N-terminus was 36 ± 4 s for ClpA D1 P versus 14 ± 1 s for ClpAP (average ± 1 SEM). For degradation initiated at the C-terminus, these values for the V13P domain were 18 ± 3 s for ClpA D1 P and 12 ± 2 s for ClpAP.
D1 plays a major role in unfolding
Pre-unfolding dwell times, the time between the end of translocation of one domain and the start of the unfolding of the next domain, provide information on the relative difficulty of enzymatic unfolding. In experiments in which degradation and thus unfolding of V15P domains was initiated from the N-terminus, the distribution of ClpA D1 P pre-unfolding dwell times fit well to a sum of two exponentials (R 2 >0.99) with time constants of 20 s (72% amplitude) and 1.4 s (28% amplitude) as compared to a single-exponential time constant of 0.8 s for ClpAP ( Fig. 3a ; Table   1 ) 16 . Thus, the majority of V15P domains are unfolded greater than 20-fold more slowly when the D1 domain is hydrolytically inactive. Moreover, unfolding accounted for more than 50% of the processing time for ClpA D1 P, but less than 10% for ClpAP. Neither ClpA D1 P nor ClpAP unfolded the Halo domain in the N-to-C direction ( Supplementary Fig. S1 ), as expected from prior studies 16 .
During C-to-N degradation, the distribution of ClpA D1 P pre-unfolding dwell times for V13P also fit well to a sum of two exponentials (R 2 > 0.99) with unfolding time constants of 14 s (82% amplitude) and 0.7 s (18% amplitude) as compared to 4.3 s (57% amplitude) and 0.3 s (43% amplitude) for ClpAP ( Fig. 3b ; Table 2 ) 15 . Thus, unfolding in the C-to-N direction is ~5-fold slower when D1 is unable to hydrolyze ATP. ClpA D1 P occasionally unfolded the Halo domain in the C-to-N direction (Fig. 2b ), but we obtained too few traces to compile meaningful statistics.
Interestingly, ClpAP unfolding of V15P from the N-terminus was faster than the unfolding of V13P from the C-terminus 16, 18 , but this trend was reversed for ClpA D1 P. Thus, ATP hydrolysis in the D1 domain appears important for aspects of protein unfolding other than simply contributing to the probability of successful unfolding of domains of very high local stability.
Intermediates in enzymatic I27 unfolding
During V15P and V13P unfolding by ClpA D1 P, ~30% of events occurred faster than the Independent of the direction of ClpA D1 P or ClpAP unfolding, the F-to-I and I-to-U distances were ~5 nm and ~9 nm, respectively (Fig. 3c, 3d (Fig. 3f) . Thus, we conclude that ClpAP and ClpA D1 P, in addition to catalyzing the rate of protein unfolding, alter the unfolding pathways accessible to the I27 domains.
D1-ring activity is required for efficient translocation
We quantified translocation velocities during degradation by ClpA D1 P and ClpAP. During N-to-C translocation, the average velocity of ClpA D1 P (~1 nm/s) was ~60% slower than ClpAP (2.4 nm/s) ( Fig. 4a ; Table 1 ) 16 . During C-to-N translocation, the average velocity of ClpA D1 P (2.1 nm/s) was ~30% slower than ClpAP (3 nm/s) ( Fig. 4b ; Table 2 ) 15 . Notably, during ClpA D1 P translocation, pausing or stalling for significant periods was often observed (see boxed regions in Fig. 2b ). By contrast, ClpAP pausing during translocation was infrequent and short lived, as previously observed 15, 16 .
When ClpA D1 P translocation progresses normally, the enzyme takes a step at least every 2.5 s, with most step dwell times being ≤ 1s (Table 1 and 2) . We re-calculated average translocation velocities with pauses ≥ 2.5 s removed from each trace. The pause-free velocities for ClpA D1 P were ~3.0 nm/s for both N-to-C and C-to-N translocation, similar to values determined for ClpAP ( Fig. 4a, 4b ). These results indicate that the slower translocation velocity of ClpA D1 P is almost entirely caused by more frequent and longer pauses. Additionally, we observed no force dependence for either the overall or pause-free translocation velocities during this analysis ( Supplementary Fig. S4a ).
Directionality influences pause frequency and duration
On average, ClpA D1 P paused more frequently during N-to-C translocation (1.7 pauses per domain) than in C-to-N translocation (0.55 pauses per domain) (insets in Fig. 4a, 4b ), accounting for ~75% and ~30% of the total translocation time, respectively. Furthermore, ~90% of ClpA D1 P N-to-C translocation events had one or more pauses per domain, whereas this value was ~40%
for C-to-N translocation (Fig. 4c) . Finally, the longest ClpA D1 P pauses during N-to-C translocation were ~2 min, whereas this value was ~10 s during C-to-N translocation (see Fig.   5c , 5d). These dramatic differences in pausing frequency and duration, dependent on the direction of movement were not observed for ClpAP translocation. Hence, directional differences in pause frequency and duration for ClpA D1 P are likely to arise because ATP hydrolysis in the D1 domain alters interactions with the substrate in a manner that depends on the polarity of polypeptide translocation.
To map ClpA D1 P or ClpAP pause locations, we converted translocation length to amino acid positions using the WLC model and then determined the average dwell time (referred to as the step dwell) at each I27 residue in both translocation directions. The average step dwell at each amino acid for N-to-C translocation was ~1.9 ± 0.7 s for ClpA D1 P and 0.7 ± 0.3 s for ClpAP, whereas these values were 0.7 ± 0.2 s and ~0.5 ± 0.2 s, respectively, for C-to-N movement (Figs.
4d, 4e). Furthermore, this analysis demonstrated that pausing by ClpA D1 P occurs throughout the polypeptide sequence, regardless of translocation direction ( Supplementary Fig. S4b ).
Step-size distributions and dwell times
In principle, elimination of ATP hydrolysis in the D1 ring might result in shorter translocation steps or longer dwell times between steps. To test these possibilities, we used a stepping algorithm 20 to analyze translocation-step properties. For both ClpA D1 P and ClpAP, the step-size distributions were very similar with a peak at ~1 nm, irrespective if translocation was N-to-C or C-to-N (Figs. 5a, 5b) . Thus, elimination of ATP hydrolysis in the D1 ring does not alter translocation step size in a significant fashion.
Figs. 5c, 5d show the distribution of pre-step dwell times for ClpA D1 P and ClpAP. For both translocation directions, dwell times were longer for ClpA D1 P than for ClpAP, but this difference was greater for N-to-C translocation (Figs 5c, d and Table 1 , 2). Thus, inactivation of ATP hydrolysis in the D1 ring lengthens the time between most translocation steps and frequently results in enzyme stalling.
ATP dependence of ClpA D1 P activity and substrate slipping
The studies presented above used 5 mM ATP, whereas half-maximal hydrolysis by ClpA D1 P occurred at ~0.35 mM ATP in the presence of substrate ( Supplementary Fig. S5a ). Prior studies show that the KM of ATP for the D1 ring is tighter than that for the D2 ring 14 . To determine the ATP dependence of ClpA D1 P pausing behavior during unfolding and translocation, which should reflect D2-ring activity, we also performed single-molecule N-to-C degradation assays at 0.1 mM (n = 18), and 0.25 mM (n = 37) ATP, concentrations where the D2 ring would not be fully ATP bound. Notably, the distribution of pre-unfolding dwell times and translocation velocities were not substantially altered at these lower ATP concentrations (Fig. 6a, 6b) . We conclude that full saturation of the D2 ring with ATP is not required for robust mechanical function.
In ensemble experiments, by contrast, ClpA D1 P degradation of the multidomain substrate in the N-to-C direction and GFP-ssrA in the C-to-N direction were both slowed at ATP concentrations below 0.75 mM ( Supplementary Fig. S5b, S5c) . Moreover, steady-state kinetic parameters determined for ClpA D1 P degradation of GFP-ssrA at different ATP concentrations revealed a substantial Vmax decrease at 0.1, 0.25 and 0.5 mM ATP (Supplementary Fig S5e) . The differences observed between single-molecule and ensemble degradation at low ATP concentrations are likely to reflect inefficient substrate engagement by ClpA D1 P, a step that is not monitored in the optical-trap assay.
Suboptimal ATP concentrations did, however, alter one important feature of the mechanical processes of unfolding and translocation. During N-to-C single-molecule degradation by ClpA D1 P, we observed periodic "slips", in which the substrate polypeptide appeared to thread backwards through the enzyme, causing a fast increase in bead-to-bead distance (Fig. 6c) . In contrast to the changes in bead-to-bead distance associated with unfolding, slipping resulted in variable distance changes that were shorter than the I27-contour length and also often occurred before domain translocation was complete. Most slips corresponded to ~20-40 amino acids (Fig.   6d ). Slipping was more common at lower ATP concentrations with a total frequency of 0.65 slips/min at 0.1 mM ATP, 0.37 slips/min at 0.25 mM ATP, and 0.07 slips/min at 5 mM ATP (Fig. 6e) . Substrate slipping was infrequent for ClpAP, even at low ATP concentrations. In combination, these observations suggest that ClpA D1 P has a decreased ability to grip substrates properly, and this feature is unmasked by lower ATP concentrations where the active D2 ring is unlikely to be saturated with ATP.
Discussion
Protein unfolding and remodeling enzymes that contain two AAA+ rings play important roles in proteostasis in all cells, but no clear or unifying function for the second motor ring has emerged 6 .
Prior studies show that the D2 ring of ClpAP plays the dominant role in ATP-dependent degradation 14 . Our optical-tweezers studies here probe the consequences of eliminating ATP hydrolysis in the D1 ring of ClpA on single-molecule unfolding and translocation by the ClpA D1 P protease. Similarities between ClpA D1 P and ClpAP reveal ring functions specific to ATP hydrolysis in the D2 ring, whereas differences provide a view into mechanistic tasks that normally require ATP hydrolysis in the D1 ring.
Compared to ClpAP, ClpA D1 P is a slower protein translocase because it pauses more frequently during polypeptide translocation, a defect that is more severe during N-to-C than C-to-N translocation. Likewise, compared to ClpAP, the average time required for ClpA D1 P to unfold the V15P domain is ~20-times slower in the N-to-C direction, whereas unfolding of the V13P domain is ~5-times slower in the C-to-N direction. Thus, ClpA D1 P is both a less reliable protein translocase and a slower protein unfoldase. These mechanical defects are likely to be related, as slower ClpA D1 P unfolding and increased pausing are both intensified during N-to-C degradation;
"D2 motor stalling" can reasonably explain both effects and would be expected to be more severe against the resisting force that occurs during unfolding attempts.
Prior studies of a ClpA D1 P variant show that it degrades substrates of low and intermediate stability as efficiently as ClpAP, whereas degradation of high-stability substrates required ATP hydrolysis in both the D1 and D2 rings 14 . Thermodynamically and kinetically, however, the domains studied here are metastable (V13P -∆Gu = 2.9 kcal/mol, ku = 32 min -1 : V15P -∆Gu = 4.6 kcal/mol; ku = 2.3 min -1 ) 21 and yet are unfolded ~5 to ~20-times more slowly by ClpA D1 P than by ClpAP. Thus, our results indicate that ATP hydrolysis in both the D1 and D2 rings can be important for enhancing unfolding of protein domains of moderate and well as high stabilities.
Although ClpAP and ClpA D1 P catalyze similar rates of ATP hydrolysis in the absence of protein substrates as shown here and previously 14 , ClpA D1 P hydrolyzes ATP at only 50-60% of the wildtype rate in the presence of either of our protein substrates. This change in ATPase rate, at least in part, appears to be a consequence of two interrelated factors: (i) ClpA D1 P spends more of the total time during degradation carrying out unfolding of substrate domains than does ClpAP; and
(ii) ATP hydrolysis by AAA+ machines is slower during unfolding than translocation 21 .
Regardless of direction, the majority of I27-unfolding events catalyzed by ClpAP or ClpA D1 P occur via an intermediate. The intermediate is different during N-to-C than C-to-N unfolding, and is also longer lived during N-to-C unfolding by ClpA D1 P. By contrast, non-enzymatic I27 unfolding is generally cooperative or two-state; and rare intermediates when observed, are clearly distinct from those characterized here [22] [23] [24] . These differences highlight the fact that AAA+ enzymes, like ClpAP change protein-unfolding pathways by pulling directly on one end of the target molecule, a very different process than spontaneous or force/chemical-induced denaturation.
During N-to-C or C-to-N translocation, the step sizes taken by ClpAP and ClpA D1 P are indistinguishable (average ~1.25 nm) and the pause-free velocities are similar (~3 nm/s). Thus, motor activity in the D2-ring alone is sufficient for normal step sizes and near normal translocation rates when pausing is ignored. In the absence of ATP hydrolysis in the D1 ring, however, pausing slowed the overall rate of translocation more than 2-fold in the N-to-C direction and ~30% in the C-to-N direction. Defects in ClpA D1 P unfolding are also likely to be caused by pausing or stalling of the D2 motor.
Compared to wild-type ClpAP translocation and unfolding, the ClpA D1 P defects are more severe in the N-to-C direction as shown by: (i) longer pre-unfolding dwell times; (ii) higher frequencies of translocation pauses; (iii) longer pause durations; and (iv) slightly longer step dwells. Thus, the wild-type D1 of ClpA ring facilitates more efficient mechanical processing of substrate proteins, especially in the N-to-C direction. Previous instances of AAA+ proteases degrading substrates more efficiently from one terminus have been typically ascribed to the substrate structure, such that unfolding of a given protein is "easier" from one end and thus the rates of degradation from the "easy" terminus are faster than those from the "difficult" end 14, 16, 25 . Our results, however, show substantial D1-dependent differences in translocation (in addition to the unfolding effects) in the two directions using the same protein substrates. We propose that interactions between the D1 ring and substrate polypeptide are more favorable for the N-to-C polarity because of stereo-chemical differences in enzyme-substrate contacts. Perhaps the D2 ring has the opposite-polarity preference due to a differently shaped enzyme-substrate gripping surface, thus explaining why ClpA D1 P with an inactive D1 motor has a harder time carrying out mechanical processes when traveling N-to-C on a polypeptide.
How does an active D1 ring suppress pausing? Because ClpA D2 P (ATPase defective D2 ring) degrades some target proteins slowly 14 , and the D1 ring contains AAA+ motifs required for motor activity, it is likely that the wild-type D1 ring can support translocation through the ClpA pore and into ClpP. However, ClpA D2 P hydrolyzes ATP at least 10-fold more slowly than either ClpAP or ClpA D1 P 14 , likely accounting for its strong defect in degradation. Together, these observations establish that D2 is the principal unfoldase/translocase engine, whereas D1 serves as an auxiliary motor. Why then is the slow and inefficient D1 motor required for robust translocation and unfolding by wild-type ClpAP? One possibility is that the D1 and D2 motors function independently. Thus, when the dominant D2 motor fails, the slower D1 motor fills in and prevents pausing. Independence is supported by the fact that the contributions of the D1 and D2 rings to overall ATP hydrolysis are roughly additive under some conditions 14 . Moreover, the greater importance of the D1 ring during N-to-C than C-to-N translocation and unfolding is also consistent with an independent model. A second and non-exclusive possibility is that the two motor rings are allosterically coupled, as proposed for Hsp104 26 . For example, allosteric coupling might allow ATP hydrolysis in the D1 ring to restart the D2 motor when it stalls.
The D1 ring appears to play an additional important role in gripping protein substrates. For example, ClpAP typically unfolds substrates faster but translocates them more slowly than ClpXP, which has just one AAA+ ring 15 . Faster unfolding by ClpAP would be expected if it generates a similar unfolding force but can grip substrates more tightly using two rings compared to the single ring of ClpXP. Within the pores of AAA+ unfoldases there are highly conserved pore-1-loops (consensus sequence GYVG) that are especially important for substrate binding within, and translocation through the unfoldase. In support of the idea that the larger AAA+ enzymes may grip substrates better throughout their pores, cryo-EM structures of the double-ring Hsp104 enzyme reveal from 7 to 10 contacts between pore-1-loops and substrate, whereas only 4 or 5 equivalent contacts are observed in structures of single-ring enzymes 27, 28 . Our experiments here strengthen the model that D1 and D2 both contribute to substrate grip, and that different features of each ring provide a better grasp of its target. At low concentrations of ATP, where the D2 ring is expected to be incompletely nucleotide bound (its KM for ATP hydrolysis is ~13-fold weaker than that of D1 14 ), we observe polypeptide "back slipping" through the enzyme pore of 
Materials and Methods
Protein Purification: ClpA D1 , a variant of E. coli ClpA -containing the ∆C9 deletion 40 , which prevents autodegradation without affecting activity, and E286Q Walker-B mutation -was cloned, expressed and purified as described 15, 16, 41 . Briefly, a pET23b plasmid carrying the gene . ClpA ∆C9 , ClpP, and ClpP platform (used for optical-trap experiments) were expressed, and purified as described 15, 42 , as were the Halo-(V13P)4-ssrA substrate (C-to-N) 15, 18 and Cys-(V15P)4-Halo substrate (N-to-C) 16 . An ssrA peptide containing an N-terminal maleimide was subsequently attached to the N-terminus of Cys-(V15P)4-Halo to generate ssrA-(V15P)4-Halo 16 .
Single-molecule optical-trapping: For optical-trap experiments, ClpA D1 /ClpP platform was attached to one bead and a titin-ssrA substrate was attached to the other bead as described 15, [17] [18] [19] . Briefly, one end of a biotinylated DNA linker (3500 base pairs) was attached to a 1.09 µm streptavidincoated polystyrene bead (Spherotech) on the other end was attached to Halo-domain of one of the multidomain substrates. The 1.09 µm bead was tethered to a glass coverslip using a DNAlinked glass-binding peptide aptamer. Biotinylated ClpP platform was attached to a 1.25 µm streptavidin-coated polystyrene bead (Spherotech), and ClpA D1 was added in presence of 5 mM ATP (except for analysis of ATP-concentration effects). After complex formation, free ClpA D1 was removed by centrifugation and washing of the beads. Experiments were performed at 17-20 °C in PD-T buffer (25 mM HEPES, pH 7.6, 100 mM KCl, 10 mM MgCl2, 10% glycerol, 0.1%
Tween-20, and 1 mM Tris-2-carboxyethyl-phosphine) containing ATP-regeneration and oxygenscavenging systems as well as 1 mg/mL bovine serum albumin (Sigma-Aldrich). The beads were trapped by two 1064-nm lasers in a passive-force clamp mode, and tethers between ClpA D1 P and the substrate were formed by moving the weakly-trapped larger bead.
Data Analysis: Data acquisition was carried out as described 15, 18 . Custom MATLAB scripts were used to calculate the inter-bead distance, unfolding distance, pre-unfolding dwell times, and to determine step sizes and step-dwell times. Average translocation velocities were determined by dividing the sum of step sizes by the sum of step dwells for translocation including pauses for individual domains. Data were collected at 3 kHz and were decimated to 50 Hz, and individual steps were determined using χ 2 minimization method as described 20 . Steps < 0.75 nm and backward steps were combined, and the dwell time preceding a combined step was added to the dwell time of the following step. Any step dwell ≥ 2.5 s was considered a pause and removed from the total step-dwell time when calculating pause-free translocation velocities. Authors declare no competing interests. 15, 16 . Boxes mark pauses, defined as step dwell times ≥ 2.5 s. Total observed pauses
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